The suitability of lemon, Citrus limon (L.) Burm. cv. Lisbon, for egg production by the citrus red mite, Panonychus citri (McGregor), was compared with that of mandarin orange, Citrus unshiu Markovitch cv. Satsuma in the field and laboratory over a 15-mo period. The two plant species were most suitable during the spring (April-June), when mites generally are most abundant in the field, and did not differ significantly in suitability during this time. In laboratory experiments, the suitability of both species declined during the summer and fall, but mandarin declined most. Thus, lemon was the most suitable host except during the spring. Mandarin foliage was generally richer in soluble protein and free amino acid concentrations throughout the study. Variation in quantities of soluble protein and free amino acids was weakly and inconsistently related to variation in egg production between species and within species over time. Variation in egg production was not associated with the greater number of leaf flusheson lemon. Differences in host suitability among citrus species may play only a minor role in variation in the status of the citrus red mite as a pest among different citrus-growing regions.
THE CITHUS RED MITE, Panonychus citri (McGregor) , is one of the three most important arthropod pests of citrus and is considered the most important of the mite pests (Jeppson et al. 1975) . Varieties of lemon, Citrus limon (L.) Burm., are presumed to be the best host for P. citri (Boyce 1936) , although supporting data are lacking.
The citrus red mite is active the year around in California, especially in the Pacific coastal areas (Jeppson et al. 1957 ). In the inland growing areas, major population peaks occur primarily in the spring (April-June) and also occasionally in the fall (October-December) (Jeppson et al. 1953 (Jeppson et al. , 1961 . Inland mite populations typically decline during the summer, probably because of the deleterious effects of high temperatures (Keetch 1971 , Jones & Morse 1984 . High (>40°C) temperatures are probably important in limiting mite populations in the interior valleys and may also influence the perceived differences in suitability for the mite among citrus cultivars.
Commercial lemons are grown predominantly in the coastal areas, whereas navel oranges predominate in the San Joaquin Valley, and the most important varieties of mandarin orange and grapefruit, Citrus paradisi MacFadyen, are grown primarily in the desert valleys of southern California (Opitz & platt 1969) . Thus, one explanation for the apparently greater suitability of lemon for the mite is that lemon is coincidentally the predominant citrus species grown in the region with the most hospitable temperature regime for the mite.
Lemon also differs from most other citrus species in that it produces new flowers and leaves several times a year (Reuther 1973) . Sweet orange, Citrus sinensis (L.) Osbeck, produces new leaves primarily in the spring, with a secondary leaf flush occurring in late summer or fall. Mandarin orange, Citrus unshiu Markovitch, produces new leaves only in the spring. Leaves of all varieties tend to remain on trees for 17-24 mo (Erickson 1968) . Because mites are known to produce more eggs on young and medium-sized leaves than on mature foliage (Henderson & Holloway 1942 , Munger 1963 , lemon may be the most suitable host for the citrus red mite because lemon trees have more leaves in the preferred age class at any given time than other citrus species.
Unfortunately, there are no studies comparing the suitability of different citrus species growing in the same climatic region for egg production by the citrus red mite. Therefore, I compared mite egg production in the field and laboratory on 'Lisbon' lemon and 'Satsuma' mandarin growing adjacently. These two species were chosen for their presumed differences in suitability for the mite (Boyce 1936) and for their strong differences in growth habit. Because the experimental trees were growing adjacently, the field design provided an excellent opportunity to determine the magnitude of interspecific variation in host suitability in the field without the confounding effects of climatic variation. Additionally, because quantities of foliar nitrogen are often a major component of host plant suitability for phytophagous arthropods (Prestidge & McNeill 1983 , Raupp & Denno 1983 , I monitored the concentrations of soluble protein and free amino acids in both citrus species over the no. 4 experimental period. I then determined if the seasonal variation in egg production over time was related to the seasonal variation in concentrations of these two classes of nutrients between and within species.
Materials and Methods
General Rearing Conditions. Mites to be tested on mandarin were collected from mandarin trees at the University of California Citrus Research Center, Riverside, Calif. (UCR) and reared in a growth chamber on mandarin leaves. Mites to be tested on lemon were collected from lemon trees at the Biological Control grove at UCR and reared on lemon leaves. Both mite cultures were maintained at a constant temperature of 26°C and a photoperiod of 14:10 (L:D). Procedures were similar to those of Munger & Gilmore (1963) , except that leaves were used instead of green fruit. Detached leaves were placed on water-soaked cellucotton supported by polyurethane foam floating in a pan of water (Beavers & Hampton 1971) . A barrier of cellucotton was placed around the perimeter of each leaf to help retain mites. Three times per week, motile stages were brushed to fresh leaves, leaving behind a cohort of eggs within 48 h of the same age. Eggs on old lea ves were returned to the incubator where they hatched and the immatures were allowed to develop. Each cohort was isolated by barriers of moist cellucotton around leaves, and leaves were replaced as necessary. Adults were not taken for experiments until new egg production was noted.
Field Methods. Clip cages (21 mm diameter by 18 mm high) with removable screen tops were made from plastic vials with snap-on caps. The height was selected to correspond with the focal length of a lQ-power hand lens so that eggs could be counted under magnification simply by removing the cage top with minimal disturbance to adults.
Four pairs of lemon and mandarin trees growing in adjacent rows were randomly selected in the spring of 1985. When the spring-flush foliage was 50-75% of full size (13 April in 1985 and 28 April in 1986), a single adult female mite from each host plant line was plac~d in a cage clipped to a leaf of the current flush on each of the four cardinal quadrants of the canopy (one mite per cage, four cages per tree, four trees per species). Cages were located entirely on one side of the leaf midrib whenever possible.
Cages were checked three times per week. Tops were removed, female condition (alive, dead, or missing) was noted, and the number of eggs within the cage was recorded. Dead and missing mites were replaced after moving cages to a fresh leaf. Cages with surviving mites were moved routinely to a fresh leaf weekly to avoid significant reductions in local leaf quality from feeding (Henderson & Holloway 1942) . Daily egg production rate was calculated for each mite by determining the number of eggs laid since the last observation and dividing by the time interval. Data from missing mites were excluded because we could not be sure that the number of eggs produced during the interval when they escaped accurately estimated their reproductive potential; however, data from dead mites were included. Field observations were continued until 7 June in 1985 and 23 June in 1986, when adult mortality became excessive because of high daily temperatures. Native mite populations were low to absent on these trees in both years. A total of 111 mites was used on lemons in 1985 and 108 in 1986, whereas 94 and 123 mites were used on mandarin in 1985 and 1986, respectively. Laboratory Methods. A parallel experiment to monitor mite fecundity on the youngest available leaves of each species was initiated in the laboratory on 13 April 1985. Adult female mites from either the mandarin or lemon colony were placed on a leaf from the most current flush of each species (one mite per leaf, six leaves per species) and returned to the incubator. A barrier of cellucotton was placed around the perimeter of each leaf to help retain mites.
Three times per week, mites were_checked and adults were transferred to freshly collected leaves. On lemon, mites were switched to leaves from new leaf flushes on 31 May and 9 August 1985, and 6 March and 12 June 1986, whereas on mandarin, mites were switched to a new leaf flush only on 6 March 1986. Eggs were counted under a dissecting microscope. Dead mites were replaced, and leaves with eggs were returned to the appropriate colony. The average daily egg production rate was calculated as described above. The experiment was terminated on 26 June 1986. A total of 272 mites was used on lemon and 321 on mandarin during the full laboratory experiment.
Chemical Analyses. Leaf samples were taken at 2-wk intervals through the two field seasons (13 April through 14 June 1985 and 17 April through 26 June 1986) and monthly from 28 June 1985 through 3 April 1986. Two five-leaf terminals each were removed from the north and south sides of each experimental tree, bagged, packed in ice, and immediately returned to the laboratory. Leaves from replicate terminals from each side of each tree were pooled, divided into replicate aliquots, weighed, then frozen at -lQOC and stored for later analysis.
Soluble protein was quantified using methods described in Trumble et al. (1987) , using a standard of ribulose 1,5-biphosphate carboxylase (RuBPCase) (Sigma Chemical, St. Louis, Lot 82F-7340). Duplicate readings were made on each extraction, and duplicate extractions were made on samples from each terminal. Values are reported as milligrams RuBPCase equivalent protein per gram (fresh weight) of foliage.
Starting with the 14 June 1985 foliage collection, free amino acids were extracted using procedures modified from Hare (1983 acids, including the nonprotein amino acid, gamma amino butyric acid, and the two important secondary amino acids, hydroxyproline and proline, were quantified by reversed-phase HPLC on a Beckman Model 332 liquid chromatograph (Beckman Instruments, San Ramon, Calif.) with a fluorescence detector after pre-column o-phthalaldehyde (OPA) derivatization using methods described in Cooper et al. (1984) . A Beckman 3-~m UItrasphere-XL ODS column (4.6 mm inside diameter by 70 mm long) was used to improve resolution. Before injection, 200~I of 1.3 M sodium phosphate (pH 3.5) was added to reduce the pH of the sample before injection to prolong column life (Sista 1986 ). Quantities of each amino acid were calculated from their peak areas in relation to the peak area and known quantity of the appropriate internal standard (Cooper et al. 1984) . Statistical Analyses. Analysis of variance (ANOV A) was performed on the daily egg production rates after using the square-root (X + 0.5) transformation (Sokal & Rohlf 1981) . Fecundity data were grouped into 2-or 4-wk periods centered on the date of foliage chemical analysis, then analyzed with regard to variation among species, trees within species, and sampling period ("time"). Variation among species was tested over variation among trees within species, and variation among trees within species was tested over the pooled withintree error. Variation among sampling periods ("time") and the species-by-time interaction were tested over the "time-by-(trees within species)" interaction, which was itself tested over the pooled within-tree error. Laboratory data were analyzed similarly, but because leaves collected for laboratory experiments were pooled from sampled trees, the "tree" and "time-by-(tree within species)" effects were not present in the laboratory experimental design.
Variation in soluble protein and free amino acid concentration were analyzed by ANOVA using a design similar to that for egg production in the field. Analyses were performed on each amino acid individually, all combined, and grouped by the "essential" versus "nonessential" criterion of Rodriguez (1958) or by the more complex criteria of Prestidge & McNeill (1983) .
Stepwise multiple regression (SASInstitute 1985) was used to determine the relationship between protein and amino acid concentrations and mite egg production. Analyses were carried out on both species combined and each species individually.
Results
Fecundity. In general, results agree with previous studies reporting average daily reproduction rates from 2.5 to 5 eggs per mite per day in the laboratory (Beavers & Hampton 1971) . In neither the 1985 nor the 1986 field seasons did mite egg production differ consistently among citrus species, among trees within species, or with time ( Fig. 1,  Table 1 ). Separate analyses were carried out on laboratory data collected during the two times that mites were also in the field as well as the lO-mo period when they were not. In both spring field seasons, mite egg production in the laboratory also did not differ significantly among species (Fig. 2,  Table 1 ).
During the time period between field seasons, mite egg production differed significantly between species (Table 1) and generally was higher on lemon (Fig. 2) . Egg production also varied as a function of time (Table 1) lea ves of both species collected in the spring and early summer than in the fall and winter (Fig. 2) . Because laboratory mites were maintained at a constant temperature, these differences most likely are attributed to seasonal changes in leaf quality. Contrary to expectations, switching mites to leaves from a new flush was not accompanied by an increase in egg production rates (Fig. 2) .
Protein and Amino Acid Concentration. Protein concentration differed significantly among species and over time during both spring field seasons and in the interval between, and was almost always higher in mandarin foliage (Fig. 3) . Variation among trees within species was not significant in either year, and the species-by-time interaction was significant only for the interval between field seasons (Fig. 3, Table 2 ).
Total free amino acid concentrations differed significantly only among species ( Table 2 ) and, again, generally was higher in mandarin (Fig. 4) . significantly between species, whereas only one, the nonprotein amino acid, gamma amino butyric acid, differed significantly among trees within species. The concentrations of 18 of the 21 amino acids differed because of the species-by-time interaction. Again, contrary to expectations, switching to a new leaf flush was not accompanied by substantial increases in soluble protein or free amino acids ( Fig.  3 and 4) .
The largest coefficient of determination (R2) was obtained from the analyses of egg production in the laboratory from both species pooled (Table 3) . Concentrations of soluble protein, total free amino acids, and six individual amino acids accounted for a total of only 10.3% of the overall variation in mite egg production. Fecundity declined significantly with increasing concentrations of protein, serine, glycine, valine, glutamine, and proline, and by season than by leaf age per se. Therefore, it does not appear that the more indeterminate growth habit of lemon is the primary factor for the greater suitability of lemon during the summer and fall.
Previous studies on the effect of plant nitrogen on mite population growth have given conflicting results (Suski & Badowska 1975) . In fertilization studies, a common pattern is for mite egg production to increase with fertilization to an intermediate value, then decline (Rodriguez 1958) . In other studies focusing more on genetic and phenological variation in plant nitrogen, the degree of association between plant nitrogen content and mite density may vary with the form of nitrogen, the plant Different patterns emerged when the analysis was repeated on each species individually. On lemon, egg production declined with increasing concentrations of asparagine but increased with increasing concentrations of isoleucine, alanine, and phenylalanine (Table 3) . However, these four variables accounted for only 8.9% of the variation in egg production.
On mandarin, only two individual free amino acids were significantly associated with mite fecundity and combined to account for only 5.9% of the variation in mite egg production (Table 3) . Fecundity increased significantly with increasing concentrations of threonine and declined with increasing concentrations of alanine. Mite egg production in the field was not significantly (all P > 0.05) associated with any of the soluble nitrogen compounds in the spring of 1985 or 1986 on both plant species pooled.
During the spring, the primary period of mite activity in most citrus-growing regions of California, new foliage from lemon and mandarin do not differ in suitability for egg production by the citrus red mite. The suitability of both species declined after the spring flush. The suitability of mandarin declined more, such that lemon foliage was more suitable for egg production than mandarin during the summer and fall.
Patterns of temporal variation in egg production in the laboratory do not reflect the fact that mites were switched to new leaf flushes five times on lemon but only once on mandarin. Egg production on lemon appeared to be more strongly influenced ENVIRONMENTAL ENTOMOLOGY Vol. 17, no. 4 varieties used, and specific plant growth stage (Stoltz et al. 1970 , Perring et al. 1983 ).
One possible explanation for the lack of any strong relationships between egg production by the citrus red mite and any measured plant nitrogen parameter may be that even the lowest levels of soluble protein and free amino acids were sufficient to satisfy the mite's nutritional needs. Quantitative variation above this limit may be irrelevant to egg production rates. Also, there are undoubtedly other differences in physical and chemical characteristics of lemon and mandarin leaves affecting mite egg production; these unmeasured factors may have offset the effects of variation in concentrations of soluble nitrogen compounds between species. Certainly, variation in quantities of soluble nitrogen cannot be of primary significance in determining egg production rates, because the host plant species richest in such compounds had the lowest mite egg production.
Because survival and developmental rates were not monitored in this study, it may be premature to conclude that these two citrus species are equally suitable for mite population growth simply because they differ little for egg production.
In a review of several laboratory studies, however, Jones & Morse (1984) found close agreement in survival and temperature-dependent developmental rates for P. citrl populations reared on several citrus species, including lemon and mandarin.
If such similarities persist in the field, then host plant effects may comprise a relatively minor component of a temperature-dependent model for P. citri population growth (Jones & Morse 1984) .
